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Abstract 

The structural and electronic effects of Al-substitution in LiNi0.45Mn0.45Co0.1-

yAlyO2 electrode materials were explored on a local scale using X-ray absorption 

spectroscopy (XAS). Homogeneous substitution of Al is observed between 0≤y≤0.10, 

additionally causing relaxation within the strained edge-sharing metal octahedra 

composing the transition metal plane. Ex situ measurements on electrochemically 

charged electrodes confirm that the main charge compensation mechanism occurs via 

oxidation of Ni, though a contribution centered at the Co-sites was detected in the early 

stages of charging. Al-substitution, meanwhile, appears to have a negligible local order 

effect. Analysis of electrochemically cycled materials suggests that there is a beneficial 

structural consequence of the Al-substitution, which limits the induced disorder within 

local structure of the substituted samples compared to the fresh layered oxides.   
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Introduction 

The U.S. transportation sector continues to account for almost one third of CO2 

emissions in the United States, while relying heavily on the import of foreign oil.1 The 

widespread deployment of an electrified vehicle fleet will be one significant step towards 

alleviating these concerns. Li-ion batteries, which represent the closest developed 

technology to achieving the power and energy density goals set by the United States 

Advanced Battery Consortium (USABC) for electric vehicles (EVs) and plug-in hybrids 

(PHEVs),2 can enable these technologies. However, they still fall short of these goals, 

mainly due to limitations in the storage capacity of the positive electrode. In order to 

increase this capacity, layered mixed transition metal oxides, LiNizMnzCo1-2zO2, with z 

commonly 0.33 or 0.4 (NMC hereafter), are currently intensely pursued active materials.  

NMC materials have been shown to possess improved properties compared to 

LiCoO2, the positive electrode material initially used in most portable electronics 

batteries, as well as alternatives such as trivalent Ni-based LiNi1-zCozO2.3,4,5,6,7 All of 

these materials crystallize in the layered α-NaFeO2 (R-3m) structure. The use of NMC-

based positive electrodes in devices contributes to a decrease in materials cost due to the 

lower Co-content, additionally providing improvements in practical energy density, 

stability, and cycle life.  These characteristics make them attractive for use in traction 

applications, which have necessary cost, safety, and lifetime constraints, and for which 

LiCoO2 is inadequate.8,9,10,11,12,13,14,15  

Further improvements are observed with the substitution of Al in place of Co 

(LiNizMnzCo1-2z-yAlyO2). Although Al is electrochemically inactive in the material; the 

only stable oxidation state is Al+3; substitution replaces the costly Co with an inexpensive 
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and lightweight metal, while additionally imparting enhancements to the thermal stability 

and chemical reactivity properties.16,17,18 Al-substitution in NMC layered oxide systems 

has further been shown to also improve the cycling stability of the electrodes.17,19,20,21,22 

Our previous work showed that substitution in LiNi0.45Mn0.45Co0.1-yAlyO2 imparts a slight 

structural distortion within the transition metal planes as Al-content is increased from y=0 

to y=0.1, ultimately lowering the crystal symmetry to monoclinic C2/m. Furthermore, in 

situ X-ray diffraction indicated that the presence of Al has a significant structural impact 

during battery operation, acting to limit the changes in lattice parameters, especially those 

occurring along the layer-stacking direction, during electrochemical charging and cycling 

of the materials.23   

X-ray absorption spectroscopy (XAS, or XAFS to indicate the “fine structure”) is 

a sensitive element-specific probe of the local geometric and electronic structure of 

materials. It has been applied often over the last decade to the study of layered oxide 

materials for Li-ion batteries. Analysis of the near-edge regions (XANES) of data taken 

for LiNi0.5Mn0.5O2, LiNi0.33Mn0.33Co0.33O2, and LiNi0.4Mn0.4Co0.2O2 materials have 

confirmed that the redox states of Ni, Mn and Co are +2, +4, and +3, respectively, in the 

as-synthesized materials when the Ni:Mn ratio is 1:1, in agreement with theoretical 

calculations.24,25,26,27 Further studies have shown that the main charge compensation 

mechanism in NMC layered oxides proceeds via the oxidation of Ni2+ first to Ni3+ then to 

Ni4+, rather than by direct oxidation from the +2 to the +4 state as occurs in 

LiNi0.5Mn1.5O4 and other nickel-containing compounds.28,29,30 This is indicated not only 

by the positions and shapes of the absorption edges during charging, but through analysis 

of the extended fine structure (EXAFS), allowing quantitative calculation of the Ni-O 
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bond distances and coordination. The current study complements our previous report on 

the long-range crystal structure of this family of compounds,23 and the effect of Al on the 

changes upon cycling. We utilized XAFS to determine the local-scale crystal structural 

and electronic consequences of substitution on the as-synthesized material and the 

changes that occurred during electrochemical charging and cycling. 

 

Experimental 

The material synthesis procedure has been described previously.23 

LiNi0.45Mn0.45Co0.1-yAlyO2 (0≤y≤0.1) materials were prepared using the glycine-nitrate 

combustion method.31 Stoichiometric amounts of LiNO3 (Mallinckrodt or Sigma 

Aldrich), Ni(NO3)2•6H2O (Sigma Aldrich), Co(NO3)2•6H2O (Sigma Aldrich), 

Al(NO3)3•9H2O (Sigma Aldrich), and Mn(NO3)2 (45-50 wt% solution in dilute nitric 

acid, Sigma Aldrich) were mixed with glycine (98.5%, Sigma Alrich) in an aqueous 

solution using distilled water. A 5% excess of LiNO3 was used in all samples to account 

for Li loss during the synthesis procedure. The precursor solution was transferred to a 

heated stainless steel beaker, where it was concentrated by the evaporation of water and a 

subsequent self-sustaining combustion reaction ensued. The combustion product was 

planetary ball-milled in acetone and dried under flowing N2 gas before being annealed at 

800°C for 4 hours in air.   

Composite electrodes were composed of 84 wt% active oxide, 8 wt% 

polyvinylidine fluoride (PVdF) binder (Kureha Chemical Ind. Co. Limited), 4 wt% 

synthetic flake graphite (SFG-6, Timcal Ltd.), and 4 wt% acetylene black (Denka). 

Slurries were mixed in 1-methyl-2-pyrrolidinone (NMP, Sigma Aldrich) and cast onto 
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carbon-coated aluminum current collectors (Exopack Advanced Coatings). Typical active 

material loadings were 5-8 mg/cm2. The electrodes were dried for at least 24 hours in air, 

then overnight in a vacuum oven at 120°C. Size 2032 coin cells were assembled in a 

helium-filled glovebox with Li-metal counter electrodes, porous polypropylene 

separators (Celgard 3401), and electrolyte composed of 1 M LiPF6 in 1:2 (v/v) ethylene 

carbonate (EC):dimethyl carbonate (DMC) solution (Ferro). Electrochemical testing was 

performed using a VMP3 potentiostat/galvanostat (BioLogic).   

A series of cells were charged galvanostatically to various states-of-charge 

(SOC), resulting in delithiation of the positive electrode materials. A rate of 12 mA/g 

(~C/23) was used to charge all electrodes to SOC = 50%, and subsequently 18 mA/g 

(~C/16) was used to charge beyond this point (e.g. to SOC = 70, 90%). The faster rate 

was used to limit organic electrolyte decomposition at the positive electrode due to the 

high cell potentials. Coin cells were cycled galvanostatically at 15 mA/g (c/d) between 

2.0-4.3 V for 20 or 50 cycles. The coin cells were disassembled in a He-filled glovebox 

to recover the charged and cycled electrodes, which were subsequently rinsed in DMC 

and encased in Kapton tape for the XAFS measurements.   

The X-ray absorption measurements were performed at beamline 4-1 at the 

Stanford Synchrotron Radiation Lightsource (SSRL) in transmission mode using a 

Si(220) double crystal monochromator. Measurements were taken on fresh, charged, and 

cycled electrodes ex situ, with the monochromator detuned by 30-50% to eliminate 

higher order harmonics. Two scans each of the Ni, Mn, and Co K-edge µ(E) spectra were 

measured and merged after spectral alignment for each electrode specimen. For each 

edge measurement, the corresponding metal foil (Ni, Mn, or Co) spectrum was recorded 
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simultaneously in series for energy reference.  Measurements were performed ex situ for 

all samples to improve EXAFS resolution, and to allow direct comparisons of each 

electrode material at the same states-of-charge (or cycle number) for all metal edges.   

The collected data was analyzed in a standard manner using Athena and Artemis 

software packages.32 The data was calibrated using the first peak in the derivative of the 

absorption spectra of the reference metals. Energy values of 6539 eV, 7709 eV, and 8333 

eV were used for the Mn, Co, and Ni metal edges, respectively. After merging like scans, 

the background contribution was subtracted by fitting a linear function to the pre-edge 

region and a cubic polynomial to the post-edge region, and the data were normalized. A 

piece-wise spline was fit using the AUTOBK function to isolate the χ(k) EXAFS, which 

were subsequently weighted by k3 to magnify the higher-k signal during further 

processing.33 

The k3*χ(k) weighted data was Fourier transformed between 3.8-13.8 Å-1 in k-

space for Ni (3.8-13.6 Å-1 for the fresh sample series), 3.9-11.3 Å-1 for Mn, and 3.9-11.1 

Å-1  for Co, using a hanning window with dk=1 Å-1. Structural information was obtained 

by a least squares fitting of the Fourier transformed spectra in R-space from R=1.0-3.0 Å 

for Mn and Co data, and R=1.0-3.1 Å for Ni data using scattering paths calculated with 

FEFF6.34,35 The amplitude reduction factors S0
2 were fixed at 0.95 and 0.9 for the Ni and 

Mn/Co fits, respectively, after initial refinements. In all fits, the contribution of 

photoelectron scattering by Li was ignored due to the very weak scattering amplitude. 

 

Results and Discussion 
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As-Synthesized Materials  XANES spectra measured at the Ni and Mn K-edges for fresh 

LiNi0.45Mn0.45Co0.1-yAlyO2 (0≤y≤0.1) electrode materials are presented in Figure 1. For 

each edge, the pre-edge features and derivative spectrum are additionally shown. A 

number of trends were observed over the Al substitution range in the Ni edge. First, there 

was no observed shift in energy of the edge position with increased Al content. There 

was, however, a slight increase in the white line intensity. This is more clearly seen in the 

derivative spectrum (Fig. 1b).  The sharpening of the white line peak was apparent in the 

growing positive and negative derivative peak features centered about 8350.5 eV. 

Furthermore, the intensity of the pre-edge peak at about 8333.5 eV decreased with larger 

Al concentrations (Fig. 1c). Similar trends were observed in the Mn K-edge data for the 

same samples, shown for the y=0 and y=0.05 data only (Figs. 1d-e).  

Our previous work using high-resolution X-ray diffraction indicated that there is a 

symmetry-lowering structural distortion in LiNi0.45Mn0.45Co0.1-yAlyO2 materials with high 

Al contents. Al substitution does not affect the antisite defect concentration; i.e., Ni2+ 

ions residing on 3a Li sites and an equivalent number of Li ions within the transition 

metal plane. All materials (0≤y≤0.10) contained ~9-10% defects.  It was speculated that 

the structural effect is due to strain-relaxation as the degree of Al-substitution increased, 

perhaps via ordering of the transition metal octahedra. The layered oxide materials are 

composed of edge-sharing transition metal octahedra alternating with planes of 

octahedrally coordinated Li+ ions.  As each MO6 (M=Ni, Mn, Co, Al, Li) has a different 

equilibrium M-O bond length, a highly strained system emerges from the edge-sharing 

octahedral arrangement. Metal ordering within the transition metal plane occurs for 

LiNi0.5Mn0.5O2 and some Li-rich NMCs, manifested by a flower-like cation arrangement, 
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in which Li ions situated in the transition metal layer are preferentially surrounded by 6 

Mn4+ or 5 Mn4+ and 1 Ni2+.25,36,37 The presence of Co in NMCs breaks this correlation, 

providing a driving force to disorder.36 The substitution of the smaller Al for Co relieves 

some of the inherent strain, perhaps by reducing the disordering effect of Co.  

The peak feature present within the rising edges (resulting in the first peaks in the 

derivative spectra at 8341.5 eV and 6449.5 eV for Ni and Mn, respetively) is attributed to 

a 1s→4p electronic transition with a ligand-to-metal charge transfer (LMCT) shakedown 

process.29,38 In this case, the final electronic configuration can be described as 

1s1c3dn+1L4p1, where c is the 1s core hole and L is an O-2p hole with n(Ni2+)=8 and 

n(Mn4+)=3. It occurs at lower energy than the main 1s→4p transition without shakedown 

due to increased screening of the core hole. The intensity of this feature can be used to 

infer the degree of covalency of the M-ligand bonds, as the charge transfer requires 

orbital overlap. As there is no observed change in the peak shape or amplitude due to the 

presence of Al, the covalency of the M-O bonds are assumed invariant with Al-

substitution.   

The trends in white line and pre-edge peak intensity are strongly dependent on the 

disorder within the MO6 octahedra, where M is the absorbing metal. An increase in the 

octahedral distortion enhances the M3d-4p orbital overlap due to a decrease in the 

inversion symmetry of the environment surrounding the absorbing atom. Al-substitution 

leads to a decrease in the observed pre-edge peak intensities and a sharpening of the 

white line, suggesting less strained (disordered) MO6 octahedra.   

The magnitudes of the Fourier transform of the EXAFS spectra, weighted by k3, 

are shown in Figure 2 for the Ni and Mn K-edges as a function of Al-content in 
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LiNi0.45Mn0.45Co0.1-yAlyO2. The behavior is similar for both data sets: a systematic 

decrease in intensity is clearly seen for the second large peak (R≈2.5 Å for both edges) 

and some higher-R features, while a slight increase occurs in the first peak with increased 

Al-substitution. The first main peak is almost entirely due to scattering of the 

photoelectron from the nearest neighbor oxygen ions. The slight increase observed in the 

M-O peak intensity can be explained by a decrease in the mean-square displacement, σ2, 

of ions comprising the first coordination shell. This agrees with the XANES results, 

suggesting a decrease in octahedral disorder (strain) with Al-substitution. The second 

main peaks in the Ni and Mn Fourier transformed EXAFS mostly describe photoelectron 

scattering from the nearest in-plane metal ions surrounding the absorber. The higher 

order peaks are due to scattering from metal ions at larger radial distances, as well as 

multiple scattering of the photoelectron from more than one neighboring atom.  The 

specific peaks displaying a decreased amplitude with higher Al-content suggest Al is well 

distributed throughout the NMC lattice, as all of the metal-metal scattering peaks are 

affected. Al is a lighter metal than Ni, Mn, or Co, residing one row above the transition 

metals in the periodic table, and thus displays weaker photoelectron scattering properties.   

The results of fitting the first and second shell of the Fourier transformed EXAFS 

data for the Ni and Mn K-edges as a function of Al-content are shown in Figure 3. 

Analysis of high-resolution XRD patterns revealed that y=0.10 materials display obvious 

peak splitting, suggesting the breaking of the three-fold symmetry within the transition 

metal planes.23 Unfortunately, two similar distances can only be reliably differentiated in 

EXAFS modeling if they differ by more than 

€ 

ΔR =
π
2Δk

. For the Ni EXAFS fits, which 

included the largest data ranges (Δk), this results in a distance differentiation of ~0.15 Å. 
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By contrast, the two in-plane nearest neighbor metal distances in the high Al-content 

oxides differ by only about 0.01 Å, as calculated by Rietveld refinement of high-

resolution XRD data.23 [This is, of course, an average measure due to the long-range 

structure.] Note, though, that the above “differentiation resolution” describes the 

discrimination of two different coordination shells, not the precision with which bond 

lengths can be calculated (typically ~0.01 Å). Thus, the monoclinic distortion cannot be 

definitively resolved in this EXAFS study, so the data was modeled with a single M-M’ 

(M’=first nearest metal neighbor) bond distance, as is the case in a perfect hexagonal 

crystal (R-3m). This model also assumes that Al is randomly distributed amongst the 

crystallographic metal sites, which may not be the case in an ordered system. 

The calculated Ni-O bond lengths of about 2.05 Å agree well with reported values 

of octahedrally coordinated Ni2+, as do the Mn-O bond lengths of approximately 1.91 Å 

with accepted values for Mn4+ ions.39 There is a very slight increase in the observed Ni-O 

distance with Al-substitution, and no significant change in the Mn-O bond length. As 

previously mentioned, there is a decrease in the calculated σ2 values of the first 

coordination shell with Al-incorporation (Fig. 3b).  The first nearest neighbor metal 

distances resulting from the EXAFS fits are shown in Figure 3c. The Ni-M’ bond 

distances show no significant trend, while the Mn-M’ bond distances appear to increase 

slightly with Al content. The uncertainties of the calculations, however, are quite large in 

comparison to the observed changes. There is an apparent discrepancy with XRD results, 

which show a decrease in the average ahex lattice parameter.20,23 If the bond distance 

trends accurately describe the system, this discrepancy could suggest selective ordering 

around the Mn ions upon Al-incorporation.   
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Charging Mechanism  To elucidate the effect of Al-substitution on the 

LiNi0.45Mn0.45Co0.1-yAlyO2 materials during battery operation, XAFS spectra of electrodes 

at various states-of-charge (SOC) were measured ex situ for y=0 and y=0.05. Voltage vs. 

Li-content profiles are shown in Figure 4 with the measurement points indicated, 

spanning from fresh samples to SOC=90%. A higher operating potential of the 5% Al-

substituted sample is observed; electrodes were charged to specified Li-contents rather 

than maximum voltage limits to ensure a direct comparison of states-of-charge between 

the samples.   

The normalized Ni K-edge XANES spectra upon charging are shown in Figures 

5a and 6a for the y=0 and y=0.05 materials, respectively. A shift of the entire edge to 

about 2 eV higher in energy is observed in both cases. This shift indicates oxidation of 

the Ni ions for charge compensation as Li ions are electrochemically deintercalated. 

Beyond SOC=50%, however, the Ni-edge shift is less pronounced in both materials (y=0, 

y=0.05). There is significantly less progression in the XANES as the material is charged 

from 50% to 90% SOC than during the first half of the charging process. In contrast, the 

Mn and Co K-edges of both the y=0 and y=0.05 materials do not show a comparable 

energy shift to the Ni-edge at any point during Li-removal. There is, however, a clear 

evolution of the edge-shape for both elements, presented in Figures 5 and 6. Compared to 

the Ni spectra, the observed edge variations suggest the Mn and Co ions remain in the +4 

and +3 states, respectively, throughout charge. The behavior of Co in the materials is 

discussed further below. 
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XANES measurements are quite sensitive to the local geometric and electronic 

structure of the absorbing atoms. As Li ions are removed during charge, there is a 

substantial structural evolution of the electrode material: a decrease in the in-plane metal 

distances (a lattice parameter) and a corresponding increase along the layered direction 

occurs during the initial oxidation stages, before a contraction at higher SOC (c lattice 

parameter). This behavior has been observed using in situ synchrotron XRD.23 The 

geometric evolution can also be observed by the changes in the shapes of the XANES 

edges. The bond lengths and distortion of the MO6 octahedra are modified as a function 

of SOC, in turn varying the orbital overlap (both M3d-M4p and M3d-O2p) that gives rise 

to various features observed in the XANES, such as the pre-edge peaks and those 

ascribed to LMCT shakedown processes.29   

The pre-edge features of each edge are shown in the insets of the figures. The 

relatively low intensity pre-edge peaks are indicative of the slightly distorted octahedral 

coordination of the transition metals, as mentioned above. In octahedral symmetry, 

crystal field splitting removes the electronic degeneracy of the transition metal d-orbitals.  

The Ni2+ electronic configuration is 

€ 

t2g
6 eg

2, and the single pre-edge electronic transition 

observed corresponds to excitation into an unfilled eg orbital. The shift of the Ni pre-edge 

to higher energy is due to the oxidation of the Ni ions during charge, which increases the 

binding energy. The Mn4+ configuration (

€ 

t2g
3 eg

0) leads to the existence of two pre-edge 

peaks, indicating electronic transitions to open t2g and eg states. The slight initial shift in 

energy from the fresh state to SOC=15% is suggestive of a very small amount of Mn3+ in 

the as-synthesized materials that is immediately oxidized.  
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The Co pre-edges are more difficult to interpret here. There is a smaller signal-to-

noise ratio of the measured spectra due to the lower Co-concentration compared to the 

other metals. Low-spin Co3+ (

€ 

t2g
6 eg

0) should display a single pre-edge peak, while higher 

spin-states will result in the observation of a second peak. There appears to be a single 

pre-edge peak for both the LiNi0.45Mn0.45Co0.1-yAlyO2 (y=0 and y=0.05) samples in this 

study. Other investigations of NMC materials, though, have resolved a second peak 

indicating a mixture of low and high spin states.40 Such a scenario cannot be definitively 

excluded by the data presented here. Despite the absence of a significant shift of the main 

Co absorption edge, there is a slight shift of the Co pre-edge peaks to higher energy 

during charge, suggesting some contribution to the oxidation scheme centered at the Co 

ions. There remains debate regarding the roles of Co and O-anion ligands in charge 

compensation. Despite theoretical calculations for NMC systems, which suggest that the 

electrochemical oxidation of Co (or oxygen) occurs only at high voltages after the full 

oxidation of Ni, the reality is less well defined.28,41,42 Rather, the results here suggest 

activity of the Co (or oxygen) at lower voltages, simultaneous with the oxidation of Ni, 

similar to what that has been proposed previously for Co-rich NMCs.43   

The intensities of the pre-edge features increase with SOC for all metals in both 

the Al-substituted and the unsubstituted parent materials. This suggests an increase in the 

octahedral distortion throughout the charging process, leading to enhanced M3d-4p 

orbital overlap. This effect could at least partly be due to the Jahn-Teller active Ni3+ ions 

produced as an intermediate state during the charging process.40 The distortion due to the 

Ni3+ will transmit in part to the surrounding edge-sharing metal octahedra. Al substitution 

does not appear to affect this change.   
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A more quantitative analysis of the XANES spectra features is difficult, as a 

sufficient mathematical description that would allow edge modeling has not yet been 

widely disseminated. However, the relative evolution of the absorbing environments can 

be further evaluated with linear combination fitting of the XANES edges. To this end, the 

fitting was performed for each element using two components: the collected spectra at 

SOC=0% and SOC=90%, the fresh and charged end members. Fitting the entire edge 

provides a more robust analysis than tracking the position of a single edge feature, such 

as the peak of the white line or the energy position at half of the edge step, the most 

common procedure in the literature. This is especially true in cases where the edge shape 

changes throughout the measured series, as is particularly evident at the Mn K edge in 

layered materials such as those studied here.  

The results of the linear combination fitting of the Ni edges are shown in Figure 

7a for both LiNi0.45Mn0.45Co0.1-yAlyO2 (y=0, 0.05) materials. In both cases, the changes in 

the Ni K-edges are mostly confined to the first part of the charging process (SOC<70%), 

and there is minimal change between SOC=70% and SOC=90%. It should be noted that 

the charging procedure was carried out at fairly fast rates to minimize any electrolyte 

decomposition. Additionally, although only the end members describing the fresh (Ni2+ at 

SOC=0%) and fully charged (Ni4+ at SOC=90%) states were considered, satisfactory fits 

were achieved to describe the relative edge energy positions and spectra shapes of the 

intermediate states-of-charge containing Ni3+.    

Interestingly, the linear combination fitting of the Co spectra (Fig. 7b) also shows 

a tapering of the spectral changes at higher states of charge. If Co-oxidation were 

responsible for charge compensation following the Ni-contribution, a larger change 
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between SOC=70% and SOC=90% would be expected. Rather, the Co environment 

seems to undergo most of the observed evolution below 70% SOC.  It is the Mn edge that 

actually shows the largest variation at high states-of-charge relative to the beginning of 

the charging process (Fig. 7c). Thus, it is clear that the entire layered oxide structure 

evolves during the Li deintercalation process, with the immediate environments of the Ni, 

Mn, and Co ions transforming. From the XANES analysis, however, a distinct behavioral 

difference due to Al-substitution is not readily apparent. 

The magnitudes of the Fourier transformed k3-weighted Ni EXAFS are presented 

in Figure 8, while that for the Mn and Co edges are shown in Figure S1.44 The Ni data 

shows substantial development throughout the charging process, as expected. The first 

peak in the Fourier transform data (R≈1.5) mainly results from scattering of the 

photoelectrons by the nearest neighbor oxygen anions.  At the beginning of charge, this 

Ni-O peak initially decreases in amplitude as it shifts to lower R, with the intensity 

subsequently increasing from 30 to 90% SOC. The trend is indicative of the Jahn-Teller 

distortion associated with a Ni3+ intermediate ion initially formed during the charging 

process, which is subsequently oxidized to the non- (Jahn-Teller) distorted Ni4+. Further 

quantitative support is discussed below.   

The Fourier transformed EXAFS data was fitted using a two-shell model for 

quantitative analysis. The bond distances of the first nearest neighbor oxygen ions and 

second nearest neighbor metal ions were fitted as free parameters along with the mean-

square displacement (σ2). Figure 8c shows the fits achieved for y=0 at the Ni edge (Fig. 

8a), illustrating the robustness of the structural model. The Ni data requires the use of two 

unequal Ni-O bond lengths to account for the Jahn-Teller distortion of Ni3+ octahedra 
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formed during the charging process (four “short” and two “long” bonds, closely 

resembling the Ni-O bond lengths for the +4 and +2 oxidation states, respectively). The 

total number of long and short Ni-O bonds was allowed to float during the fitting process, 

and the results agree well with the expected bond length distribution for the case of 

charge compensation from Ni2+ to Ni4+ including a Ni3+ intermediary (Fig. S2).44   

The M-O (M=absorber) bond distances throughout the charging process, 

determined by fitting the Fourier transformed EXAFS spectra, are presented in Figure 9. 

The variation of each M-O bond length is the same within the windows of uncertainty of 

the fits for both LiNi0.45Mn0.45Co0.1-yAlyO2 materials. The largest change in bond length is 

observed for the Ni-O bond in both the y=0 and y=0.05 materials. This is expected, as the 

Ni ion is oxidized during Li-extraction from the materials, as was seen clearly in the 

XANES analysis. The single values given for the intermediate charge states 

(15≤SOC≤70) correspond to an average value of the total short and long bonds calculated 

during the fit due to the Jahn-Teller distortion of Ni3+ octahedra. The change is minimal 

at SOC>70%, also in good agreement with the data above.   

The Mn-O bond lengths vary much less, suggesting again that the Mn4+ ions do 

not substantially oxidize throughout the charging region, as discussed above. The small 

variations (<0.02 Å) are likely a secondary effect from changes in the neighboring edge-

sharing MO6 octahedra. The Co-O distances vary slightly more throughout the charging 

process, with most of the changes occurring at SOC<70%. This is also in agreement with 

the linear combination fitting of the XANES spectra. Hence, a contribution to the charge 

compensation centered at the Co ions, likely including the surrounding O-anions, cannot 

be ruled out. In fact, the decrease in ionic radius upon oxidizing from Co3+ to Co4+ in 
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octahedral coordination is only 0.015 Å according to Shannon, less than the 0.04 Å 

change calculated here.39 In disagreement with theoretical suggestions, however, the 

majority of the bond length reduction occurs during the first half of charge.  

The variation of the M-M’ bond distances are shown in Figure 10, where M’ 

indicates the nearest neighbor metals to the absorbing ion. The M-M’ distance is 

correlated with the a lattice parameter in the α-NaFeO2 structure. The scatterer was fixed 

as Co in all fits to account for scattering from Ni, Mn, or Co ions; all three transition 

metals are close on the periodic table (ZMn=25, ZCo=27, ZNi=28) and have similar 

scattering properties. Al was assumed randomly distributed for the y=0.05 material in the 

best fits. The behavior of the Ni-M’, Mn-M’, and Co-M’ bond lengths are all similar: 

there is a continuous decrease in the nearest metal-neighbor distance as Li is 

deintercalated. Slightly less change is observed at the end of charge (70≤SOC≤90%), in 

agreement with previous XRD results for NMC systems.12,23 

The calculated bond lengths differ slightly for the Ni, Mn, and Co absorbers. This 

could be a result of using Co as the lone transition metal scatterer, when in actuality the 

generated photoelectrons are interacting with mostly Ni or Mn neighbors based on the 

LiNi0.45Mn0.45Co0.1-yAlyO2 stoichiometry. Each metal will scatter the photoelectron with a 

slightly different phase and amplitude, affecting the fits: previous EXAFS analyses have 

suggested differences of ±0.01 Å result when assuming all Ni or Mn surroundings instead 

of Co in a LiNi0.4Mn0.4Co0.15Al0.05O2 material.40 M-M’ distances that vary with the 

absorbing element identity could also be expected in an ordered structure; in this case 

each absorbing ion has a distinct surrounding environment. Regardless, no substantial 
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local structural effect of Al-substitution on the layered structure throughout the charging 

procedure can be resolved within the quantitative resolution of this EXAFS probe. 

 

Cycled Electrodes  The discharge capacities as a function of cycle number for the 

LiNi0.45Mn0.45Co0.1-yAlyO2 (y=0, 0.05) electrodes are shown in Figure S3a, with 

accompanying discharge voltage profiles for each material in Figures S3b and c. The rate 

of capacity fade is faster in the unsubstituted (y=0) material. The Mn XANES data for 

fresh and cycled samples are shown in Figure 11. Cycling causes a decrease in the white 

line intensity, which is plainly seen both in the normalized edge (Figs. 11a, b) and 

derivative spectra (Figs. 11c, d). The changes are accompanied by an increase in the pre-

edge peak intensities (Figs. 11a, b insets). The evolution of the spectra suggests cycling-

induced disorder in the immediate environment surrounding the Mn ions, similar to that 

observed due to Li deintercalation during the charging process. The changes can be at 

least partially attributed to incomplete re-intercalation of Li on subsequent discharges, 

consistent with the decrease in the practical discharge capacities with cycling.23 Although 

the intensity increase of the pre-edges appears similar for both the y=0 and y=0.05 

materials, the magnitude of the white line intensity-reduction is lower for the Al-

substituted compound, suggesting improved structural reversibility.  

The Ni XANES data is shown in Figure 12. A decrease in the white line intensity 

in the cycled samples compared to the fresh electrodes was again observed. This is 

clearly apparent in the derivative plots of the absorption edge, where a slight shift to 

higher energy can also be resolved (Figs. 12c, d). The changes are somewhat less in the 

Al-substituted samples.  Additionally, there was an intensity increase and simultaneous 
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narrowing of both the edge feature attributed to LMCT and the pre-edge peaks for both 

materials. These trends suggest further octahedral disorder that leads to more orbital 

overlap. The narrower peak characteristics of the highly cycled material cannot be fully 

explained at this time, but possibly result from increased homogeneity of the Ni-absorber 

environments. This can entail either a decrease in the 3a Ni concentration (via migration 

to the transition metal layer) or removal of the 3a Ni into a NiO-like layer on the particle 

surfaces, for instance.45,46 Some studies have suggested that a majority (~75%) of the 3a 

Ni moves into the transition metal layer during charge to high potentials (and most of it 

returns to the Li-layer upon discharge),37,47 though a similar narrowing of the pre-edge 

peak feature is not observed in this voltage region, as seen above (Figs. 5a, 6a). High-

resolution XRD refinements indicate cycling induces a relative decrease of the antisite Ni 

of ca. 10% change from the initial concentration in the fresh materials.23 Therefore, a 

decrease in 3a Ni content alone is therefore is not likely the only explanation, but rather 

additional structural changes must contribute.  

The magnitudes of the Fourier transformed k3-weighted Ni EXAFS data are 

shown in Figure 13 for the fresh and cycled materials. There is a slight decrease with 

cycling in the amplitudes of both the main peaks at R≈1.6 Å and R≈2.5 Å, corresponding 

mostly to Ni-O and Ni-M’ scattering, respectively, in the unsubstituted material. Al 

substitution limits these changes (Fig. 13b), which likely correlates with the enhanced 

cycling stability observed in substituted materials.23 Similar effects were observed at the 

Mn K-edge (Fig. S4).44 However, the Mn-M’ scattering peak amplitudes increase slightly 

upon cycling. This is in agreement with the previously observed cycling-induced 

decrease of the 3a Ni concentration,23,37,47 suggesting the antisite Ni that migrates to the 
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transition metal layer preferentially occupies lattice sites next to Mn ions (previously 

populated by 3b Li), as would be expected with the existence of flower-type ordering. 

The calculated Mn-O bond distances, from fitting the Fourier transformed spectra, 

do not vary significantly with cycling, and the differences are minimal between the y=0 

and y=0.05 materials (Fig. S5).44 A slight decrease observed for both LiNi0.45Mn0.45Co0.1-

yAlyO2 (y=0, 0.05) materials is not beyond the uncertainties of the fits. The Ni-O bond 

length of the parent material, however, decreases after 50 cycles, while that of the Al-

substituted material does not. The difference, less than 0.01 Å, likely is associated with 

the improved electrochemical reversibility of the latter material: i.e., more complete 

reduction to Ni2+ is observed on discharge. These results are consistent with XRD data 

indicating enhanced reversibility at the crystal lattice scale upon cycling.23 The calculated 

M-M’ bond lengths for the y=0 and y=0.05 materials behave very similarly within the 

uncertainties of the data fits (Fig. S5b).44   

 

Conclusions 

X-ray absorption spectroscopy is a powerful technique to probe the local 

geometric and electronic structures of layered oxide materials. The consequences of Al-

substitution in LiNi0.45Mn0.45Co0.1-yAlyO2 were investigated here. Analysis of the as-

synthesized materials (0≤y≤0.10) indicates a homogeneous distribution of Al ions 

occupying metal sites throughout the layered oxide structure, with substitution inducing a 

relaxation amongst the strained edge-sharing metal octahedra. This is inferred from both 

trends observed in the XANES edges as well as fitting of the Fourier-transformed 

EXAFS. Ex situ measurements on charged electrodes confirms that the main charge 
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compensation mechanism occurs via oxidation of the Ni ions within the materials. The 

Co ions appear to bestow a supplemental contribution at the beginning of the charging 

process (at low SOC), rather than at high states of charge as has been previously 

suggested. Fitting results of the EXAFS agree well with previous X-ray diffraction 

studies. No significant structural effect of Al-substitution on the charging mechanism is 

apparent, however, within the resolution of the experiments performed here. 

Electrochemical cycling induces an increasingly strained system compared to the fresh 

electrodes, though the observed changes are smaller when Al is present in the layered 

oxide materials. These results further support the existence of a structural benefit of the 

substitution of small amounts of Al into the structure of layered materials, which is 

helpful to guide efforts directed at optimizing chemical compositions for electrodes with 

longer life. 
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Figure Captions 
 
Figure 1: K-edge XANES spectra of the LiNi0.45Mn0.45Co0.1-yAlyO2 (0≤y≤0.1) fresh 
electrode materials: a, d) the normalized edges, b, e) derivatives, and c, f) pre-edges of 
the Ni and Mn K-edges, respectively.   
 
Figure 2: The magnitude of the Fourier transforms of the a) Ni and b) Mn χ(k) data 
weighted by k3 for LiNi0.45Mn0.45Co0.1-yAlyO2 (0≤y≤0.1) materials.  
 
Figure 3: Fitted values for the first coordination shell: a) Ni-O and Mn-O bond distances 
and b) σ2 values for the Ni and Mn absorbers as a function of Al-content in 
LiNi0.45Mn0.45Co0.1-yAlyO2 (0≤y≤0.1). c) Fitted values of the Ni-M and Mn-M in-plane 
first-nearest metal distances. 
 
Figure 4: Voltage profiles for the electrochemically charged LiNi0.45Mn0.45Co0.1-yAlyO2  
(y=0, 0.05) electrodes. XAS measurements were made ex situ for samples charged to the 
indicated points. 
 
Figure 5: Normalized XANES spectra of the a) Ni, b) Mn, and c) Co K-edges for Li1-

xNi0.45Mn0.45Co0.1O2 (y=0) at various states of charge.  The pre-edge features are shown in 
the insets.   
 
Figure 6: Normalized XANES spectra of the a) Ni, b) Mn, and c) Co K-edges for Li1-

xNi0.45Mn0.45Co0.05Al0.05O2 (y=0.05) at various states of charge.  The pre-edge features are 
shown in the insets. 
 
Figure 7: Results of linear combination fittings of the a) Ni, b) Co, and c) Mn XANES 
edges. “Fraction of 90% SOC” indicates the relative proximity of each charge state to the 
final observed. 
 
Figure 8: Magnitudes of the Fourier transformed k3-weighted χ(k) Ni K-edge EXAFS for 
Li1-xNi0.45Mn0.45Co0.1-yAlyO2 electrodes with a) y=0 and b) y=0.05, shown for various 
states-of-charge. c) Fits of the magnitudes of the Fourier transformed k3-weighted χ(k) Ni 
K-edge EXAFS for the Li1-xNi0.45Mn0.45Co0.1-yAlyO2 (y=0) data in (a).   
 
Figure 9: Fitted values for the first coordination shell M-O bond distances (M=Ni, Mn, 
Co) as a function of Li-content in Li1-xNi0.45Mn0.45Co0.1-yAlyO2 for a) y=0 and b) y=0.05. 
 
Figure 10: Fitted values for the second coordination shell M-M’ bond distances (M=Ni, 
Mn, Co) as a function of Li-content in Li1-xNi0.45Mn0.45Co0.1-yAlyO2 for a) y=0 and b) 
y=0.05. A M’=Co scatterer was used in all fits to account for Ni, Mn, or Co neighbors. 
 
Figure 11: Normalized Mn K-edge XANES of fresh and cycled LiNi0.45Mn0.45Co0.1-

yAlyO2 electrodes with a) y=0 and b) y=0.05. The pre-edge features are shown in the 
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insets. Derivative spectra for the c) y=0 and d) y=0.05 XANES data shown in (a) and (b), 
respectively.   
 
Figure 12: Normalized Ni K-edge XANES of fresh and cycled LiNi0.45Mn0.45Co0.1-

yAlyO2 electrodes with a) y=0 and b) y=0.05. The pre-edge features are shown in the 
insets. Derivative spectra for the c) y=0 and d) y=0.05 XANES data shown in (a) and (b), 
respectively. 
 
Figure 13: Magnitudes of the Fourier transformed k3-weighted Ni K-edge EXAFS of 
fresh and cycled LiNi0.45Mn0.45Co0.1-yAlyO2 electrodes with a) y=0 and b) y=0.05. 
 
 
 
 


